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Negative associations between individual life-history traits
of an organism are referred to as life-history trade-offs
(Stearns 1992; Zera et al. 1998). The existence of costly
trade-offs is thought to have favored the evolution of phe-
notypic plasticity as a mechanism through which organ-
isms can account for environmental heterogeneity while
modulating costs and benefits incurred by fixed allocation
to competing functions (Bradshaw 1965; Stearns 1992; Sul-
tan 1995; Dudley and Schmitt 1996; Pigliucci 1996). In
plants, the ability to modify stem elongation in response
to environmental cues appears to be a classic form of
adaptive phenotypic plasticity (Sultan 1995; Gedroc et al.
1996). Plastic increases or decreases in stem elongation
rate in plants can be triggered by light-quality and light-
quantity cues (Smith 1982; Ballaré et al. 1989, 1990; Ra-
japakse and Kelly 1995; Petit and Thompson 1997) and
exposure to mechanical stimuli (e.g., wind) (Gartner 1991;
Jaffe and Forbes 1993; Emery et al. 1994; Cipollini 1997b).
Increased stem elongation in response to light cues can
enable plants to escape shading by neighbors and capitalize
on heterogenous resources, while reduced elongation in
response to mechanical cues can enable plants to resist
mechanical damage (Ballaré et al. 1991, 1995; Jaffe and
Forbes 1993).
The best-studied plastic stem response in plants is the
“shade avoidance” response, cued by altered red : far-red
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(R : FR) light ratio and mediated by phytochrome (Smith
1982; Ballaré et al. 1991, 1995; Weiner and Thomas 1992;
see Pigliucci 1996 for discussion). While the adaptive value
of this response to plants in crowded situations has been
widely hypothesized, its effect on maximizing fitness has
rarely been measured. Using mutant Brassica rapa and
transgenic tobacco plants with disabled phytochrome re-
sponses, Schmitt et al. (1995) demonstrated that elongated
phenotypes had higher fitness when at high density, while
nonelongated (suppressed) phenotypes had higher fitness
at low density. By manipulating stem elongation in Im-
patiens capensis with R : FR light and selection analysis,
Dudley and Schmitt (1996) demonstrated that selection
favored elongated phenotypes at high density and sup-
pressed phenotypes at low density. In this study, however,
direct selection on height did not fully explain the lower
fitness of elongated plants at low density, indicating that
an intrinsic cost of stem elongation was present.
Although the existence of stem elongation costs has been
suggested indirectly (Stearns 1992; Emery et al. 1994; Pig-
liucci 1997) and costly trade-offs involving allocation to
competing organs are implicit in models of optimal for-
aging in plants (e.g., Gleeson and Tilman 1992), few stud-
ies have examined costs of stem elongation experimentally
(e.g., Fitter and Ashmore 1974; Ballaré et al. 1991; Dudley
and Schmitt 1996) or investigated their possible mecha-
nistic basis (e.g., Ballaré et al. 1991; Methy and Roy 1993).
Opportunity costs are the costs of investing current re-
sources in a particular structure or function (Bloom et al.
1985; Ballaré et al. 1991). If opportunity costs are not
balanced through a gain in benefits (e.g., through increased
resource capture), losses in growth or reproduction can
result. Allocation models predict that plants should pref-
erentially allocate resources to the organ(s) providing the
highest fitness return or that provide access to the most
limiting resource in their environment (Gleeson and Til-
man 1992; Perrin 1992). Increased stem elongation may
incur an opportunity cost if internal resources used in the
production of stems are diverted away from resource-har-
vesting roots and leaves, leading to a cumulative decrease
in resource capture and, ultimately, to decreased growth
and reproduction (Bloom et al. 1985; Tilman 1988). For
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example, suboptimal allocation of resources to roots and
leaves may explain the intrinsic costs of stem production
in elongated plants detected by Dudley and Schmitt
(1996). To reveal such mechanisms, experimental manip-
ulations of stem elongation in the absence of the influence
of selective forces are necessary to enhance the detection
of costs.
Costs of investing resources in particular functions (e.g.,
defense vs. growth) should be even more noticeable in
plants under resource limitation (Bazzaz et al. 1987). Thus,
costs of stem elongation should be detected more readily
in plants exposed to resource-limiting stresses, such as
herbivory. Regrowth following leaf area loss in plants is
often directed to the shoot at the expense of roots to
replace lost leaf area (Bloom et al. 1985; Mihaliak and
Lincoln 1989; Ovaska et al. 1993; Rosenthal and Kotanen
1994). Under these circumstances, costs of stem produc-
tion may also include a reduced ability to compensate for
leaf area removal, especially if increased stem production
leads to reduced investment in roots and leaves.
Environmentally cued alterations in stem growth are
mediated by plant hormones such as auxins, gibberellins,
and ethylene (Biro and Jaffe 1984; Trewavas 1986; Jaffe
and Forbes 1993). Gibberellic acid (GA) plays a well-doc-
umented role in stem elongation in plants (Lester et al.
1997). More important, alterations in endogenous GA
content, metabolism, and/or tissue sensitivity mediate
plastic stem elongation responses to changes in light qual-
ity (Sponsel 1986; Chory 1993; Toyomasu et al. 1994; Lo-
pez-Juez et al. 1995). Exogenous application of GA can
restore normal growth of mutant phenotypes and can pro-
duce stem morphologies that phenocopy those induced
by environmental cues (Brown 1983; Biro and Jaffe 1984;
Horrell et al. 1990; Toyomasu et al. 1994). For example,
to examine patterns of morphological variation in the field,
Brown (1983) and van Hinsberg (1997) have used GA to
mimic the effects of shade on Plantago paradoxa and Plan-
tago lanceolata, respectively. Manipulation of stem elon-
gation with GA enables examination of the mechanistic
basis of costs of stem elongation in plants of the same age
in the absence of confounding factors, such as varying
light (e.g., Dudley and Schmitt 1996) or ontogeny (Co-
leman et al. 1994; Gedroc et al. 1996; Pigliucci 1997). The
elongated, phytochrome B-deficient B. rapa mutant used
by Schmitt et al. (1995) contains 12 times the endogenous
GA content of wild-type plants (Rood et al. 1990). Thus,
although no exogenous application of GA was used, their
study involved a phenotype altered by high endogenous
levels of GA. Manipulation of phenotypic expression with
hormones to mimic naturally occurring phenotypes has
also been used to examine reproductive trade-offs in liz-
ards (Sinervo and Huey 1990) and crickets (Zera et al.
1998), costs of defense in tobacco (Baldwin et al. 1990),
and environmental controls on growth plasticity in Stel-
laria longipes (MacDonald et al. 1986; Emery et al. 1994).
To investigate the presence and mechanistic basis of
costs of stem elongation, we exploited the ability of ex-
ogenously applied GA to induce stem elongation in com-
mon bean in a manner similar to that induced by light-
quality cues, without the need to alter nutrient, moisture,
and light regimes. We compared several growth and fitness
attributes of GA-modified plants with untreated plants of
the same age and developmental stage. We included a leaf
area removal treatment to examine whether exposure to
an additional resource stress would increase apparent costs
of stem elongation. Our results indicate that stem elon-
gation induced by GA was generally costly to growth and
fitness and that the fundamental mechanism producing
such costs is allocation of resources away from resource-
harvesting roots and leaves to support increased stem
growth. Leaf area removal tended to enhance the detectable
costs of stem elongation.
Material and Methods
We utilized an inbred determinate bush cultivar of com-
mon bean Phaseolus vulgaris (cv. OSU 4091-G) that has
very short internodes under high light conditions and ex-
hibits plasticity in stem elongation in response to light
quality and mechanical cues (Cipollini 1997b). Seeds were
sown on July 1, 1994, in 1.5-L pots (two per pot) in a
greenhouse under natural light in a mixture of vermicu-
lite : perlite : sand (3 : 1 : 1, v : v : v). Maximum midday
light levels reached ∼1,400 mE m22 s21 PAR over the green-
house benches. Plants were watered regularly throughout
the experiment and fertilized once per week with 200 mL
of Peter’s 20-20-20 N-P-K soluble fertilizer (Grace-Sierra,
Milpitas, Calif.). Plants were thinned to one seedling per
pot when the primary leaves had just begun to expand,
and the pots were spaced widely on the greenhouse
benches. Plants were moved randomly within the green-
house benches on a weekly basis.
We induced stem elongation by applying GA as a root
drench (Morris and Arthur 1985). Sixteen plants received
100 mL of 10 mM GA3 solution (Sigma Chemical, St. Louis)
once per week for 4 wk after the initial placement of plants
on benches. Crystalline GA3 was dissolved in 1 mL ethanol
and made to volume with distilled water. We treated 16
plants designated as controls with the same solution but
without GA3. This treatment was chosen based on its exact
use in studies of the fundamental basis of stem elongation
in bean (Morris and Arthur 1985) and its ability to mimic
the phenotype produced by exposure of this bean cultivar
to low R : FR in a growth chamber (D. Cipollini, personal
observation). Internode, leaf, and branch number were
unaffected by this treatment, as was date of first flowering.
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The primary direct effect of GA was to increase main stem
and branch internode length and relative allocation of bi-
omass to stem, mimicking the effects of lowered R : FR
light on this cultivar. Bean plants treated with GA in this
way exhibit decreased root and leaf mass production rate,
decreased leaf area production rate, and increased stem
mass production rate relative to untreated controls for the
first 3–4 wk of growth; thus, altered allocation is estab-
lished early by this treatment and is not simply an end-
of-season effect (Cipollini 1997b).
During weeks 4 and 5 (initial flowering stage), we dam-
aged half of the plants in each treatment ( ) by re-N 5 8
moving 15% of the total leaf area of each plant with a
sterilized paper hole punch. Half of this percentage was
removed during week 4 and half during week 5. The ex-
istence of a significant leaf area to leaf length relationship
allowed us to estimate leaf area at the time of damage
using leaf length. Damage was dispersed evenly over all
leaves on each plant. Three weeks following leaf area re-
moval, we measured final height and leaf area on all plants,
separated them into stems (including petioles), leaves,
roots, and pods, and dried them for 4 d at 607C. Leaf area
was measured on fresh leaves using a Li-Cor Model 3100
Area Meter (Li-Cor, Lincoln, Nebr.). Mass measures were
recorded from dried material. Allocation and ratio mea-
sures were calculated from dry masses.
Randomization of plants within treatments and among
greenhouse benches allowed the use of a 2 # 2 full-fac-
torial design. A set of correlated variables that we consid-
ered the best indicators of plant fitness (leaf area, total
mass, pod number, and pod mass; Farris and Lechowicz
1990) were analyzed by MANOVA (Proc GLM, SAS In-
stitute 1989) with GA3 treatment, leaf area removal (dam-
age), and their interaction as effects. The F and P values
from the multivariate tests were based on the Pillai’s Trace
test statistic. To examine more closely the possible mech-
anisms that produce costs, we analyzed all mass and al-
location variables using separate ANOVAs (Proc GLM, SAS
Institute 1989). Specific comparisons were made with Tu-
key’s HSD test.
Results
Plants in which increased stem elongation had been in-
duced by GA treatment exhibited reduced total biomass
and reproduction at the end of the experiment. Leaf area,
total mass, pod number, and total pod mass were greatly
reduced by GA treatment (MANOVA: ,F 5 4.337 df 5
, ) and less so by damage ( ,4, 25 P 5 .0084 F 5 2.849
, ). Total seed mass was not measureddf 5 4, 25 P 5 .0449
in this study, but total pod mass and total seed mass are
highly correlated in this cultivar, in both GA-treated and
untreated plants (Cipollini 1997a). While the GA-treat-
ment by damage interaction was not statistically significant
( , , ), the effect of damage wasF 5 0.430 df 5 4, 25 P 5 .786
consistently more severe in GA-treated plants than in con-
trols; that is, costs of stem elongation tended to be more
detectable in GA-treated plants when damaged relative to
when they were undamaged (fig. 1). Univariate ANOVAs
indicated that GA-treated plants were significantly taller
than untreated controls ( , ,F 5 56.27 df 5 1, 28 P 5
) and allocated a greater percentage of their biomass.0001
to stem ( , , ) and a lesserF 5 55.05 df 5 1, 28 P 5 .0001
percentage to roots ( , , )F 5 24.95 df 5 1, 28 P 5 .0001
than did controls. GA-treated plants also exhibited sig-
nificantly reduced root mass ( , ,F 5 19.82 df 5 1, 28 P 5
), leaf mass ( , , ), leaf.0001 F 5 15.59 df 5 1, 28 P 5 .0005
area ( , , ), root : shoot massF 5 17.31 df 5 1, 28 P 5 .0003
ratio ( , , ), total mass (F 5 21.91 df 5 1, 28 P 5 .0001 F 5
, , ), total pod mass ( ,9.55 df 5 1, 28 P 5 .0045 F 5 6.60
, ), and pod number ( ,df 5 1, 28 P 5 .0159 F 5 5.8 df 5
, ; fig. 1).1, 28 P 5 .001
Discussion
In this greenhouse experiment, where all plants were given
the same amount of light, water, and nutrients, stem elon-
gation induced by GA was generally costly to growth and
reproduction. This indicates that investment in stem elon-
gation incurred an opportunity cost that we could measure
at the end of the season as reduced biomass and repro-
ductive effort. Thus, while increased stem elongation may
be advantageous to plants in competition for limiting light,
intrinsic costs may explain the maladaptive nature of in-
creased stem elongation when plants are grown in non-
limiting light conditions (Dudley and Schmitt 1996).
Our results indicate that the opportunity cost associated
with allocation among resource-harvesting organs was the
primary mechanism producing costs of stem elongation
in this study (Bloom et al. 1985; Gleeson and Tilman 1992;
Perrin 1992). Most studies have attributed the ability of
GA to stimulate shoot production in plants to the creation
of stronger photoassimilate sinks in the stem than in other
organs and not to direct effects of GA on root or leaf
assimilatory capacity or other pleiotropic effects (Mulligan
and Patrick 1979; Morris and Arthur 1985; Yim et al.
1997). In this study, the primary phenotypic effect of GA
was seen in stem and branch elongation. Alterations of
leaf, branch, and internode number and flower develop-
ment by GA, which could contribute to the costly nature
of increased stem elongation in other plants (Smith and
Whitelam 1990), were not seen in this experiment. Al-
though unrecognized physiological effects of GA could be
partly responsible for costs detected in this study, our re-
sults support the view that reduced growth and repro-
duction of GA-treated plants were largely due to reduced
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Figure 1: Growth and fitness attributes of control (filled circles) and elongated gibberellic acid-treated (open circles) bean plants across two
damage treatments. Damage consisted of the removal of 15% of the total leaf area per plant. Each point represents the mean (5SE) of
eight replicate plants.
leaf and root growth and ultimately decreased resource
capture. While GA treatment has no direct effect on pho-
tosynthesis of single leaves (e.g., Yim et al. 1997), bean
plants treated with GA in this study exhibited decreased
whole-shoot CO2 uptake rates on a per-gram shoot mass
basis relative to controls on day 20 and day 28 after the
initiation of the experiment (D. Cipollini, unpublished
data). Increased allocation to stems at the expense of leaves
in GA-treated plants evidently led to reduced whole-plant
carbon gain, and reduced allocation to roots could have
reduced nutrient uptake rates. We suggest that this allo-
cation-based mechanism may also be partly responsible
for the intrinsic costs of stem elongation detected in elon-
gated Impatiens capensis plants by Dudley and Schmitt
(1996), although other cost-producing mechanisms are
undoubtedly important.
Reduced root : shoot ratio induced by GA-treatment
also apparently contributed to a reduced ability to com-
pensate for leaf area removal. The ability to tolerate leaf
area removal in plants often is positively associated with
a high root : shoot ratio, enabling resource translocation
from roots to shoots following damage (e.g., van der
Meijden et al. 1988; Lefevre et al. 1991; Lentz and Ci-
pollini 1998; but see Obeso and Grubb 1994). In a com-
panion study using the foliar application of GA to bean
plants in the field, Cipollini (1997a) found that leaf area
removal was more detrimental to fitness in elongated
GA-treated plants than in untreated controls. Likewise,
reduced root : shoot ratio induced by nitrate addition
reduced the ability of Heterotheca subaxillaris to com-
pensate for herbivory (Mihaliak and Lincoln 1989). We
suggest that the tendency for GA to exacerbate the neg-
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ative effects of leaf area removal was due to the reduced
root : shoot ratio induced by GA treatment in elongated
plants in addition to the potential negative effects of
GA on resource capture. This tendency could become
more significant at higher levels of defoliation.
Our finding that costs of stem elongation are present
and gain importance under additional resource-limiting
stresses has broad ecological and evolutionary implica-
tions. The presence of costs may partly explain the evo-
lution of plasticity in stem elongation, could constrain
fixation of constitutively elongated phenotypes at the pop-
ulation level, and might restrict geographical distribution
of constitutively elongated plants. Moreover, because stem
elongation can exhibit costly trade-offs with other fitness
enhancing traits, it may constrain the evolution of indi-
vidual life-history traits (Stearns 1992). Other authors have
suggested that costs of stem elongation include risks of
physical breakage (Niklas 1992) and high rates of xylem
embolism (Salisbury and Ross 1992; Wang et al. 1992).
Costs of elongation could also arise through alterations in
flower number and phenology, leaf and branch mor-
phology, or other physiological effects (Smith and Whi-
telam 1990). We add reduced fitness via less effective re-
source acquisition and reduced tolerance to herbivory to
this list. Regardless of the mechanism, balancing costs de-
pends on improved access to resources—for example, by
growth into resource-rich patches by overtopping neigh-
bors. Balancing long-term costs of elongation might be
more possible in a less seasonal environment, such as some
tropical settings, perhaps contributing to the increased fre-
quency of constitutive vines among tropical plants. In
other environments, shifting costs and benefits have evi-
dently favored stem elongation plasticity or fixation of
suppressed (nonelongated) phenotypes.
In conclusion, the well-established role of GA in stem
elongation (e.g., Lester et al. 1997) and its association with
phytochrome-mediated stem responses (e.g., Sponsel
1986) enabled us to use GA to isolate costs of stem elon-
gation in this study. In general, hormonal manipulation
permits us to examine costs and trade-offs of phenotypes
evoked by a particular environmental cue without the con-
founding effect of the environment. Hormonal manipu-
lation has proven to be useful in other studies of phe-
notypic plasticity in stem elongation (e.g., Emery et al.
1994; van Hinsberg 1997) and is likely to be applicable to
many other plant developmental traits.
Acknowledgments
We thank J. Bergelson, T. Juenger, K. Lentz, J. Lynch, M.
Pigliucci, and A. Stephenson for their comments and/or
contributions to this work. Comments by M. McPeek and
two anonymous reviewers greatly improved an earlier ver-
sion of this manuscript. This research was supported by
National Science Foundation grant IBN-9630798 to J.C.S.
Literature Cited
Baldwin, I. T., C. L. Sims, and S. E. Kean. 1990. The
reproductive consequences associated with inducible al-
koloidal responses in wild tobacco. Ecology 71:252–262.
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